Objective-Mechanisms by which tumor necrosis factor-␣ (TNF) contributes to atherosclerosis remain largely obscure. We therefore sought to determine the role of the arterial wall TNF receptor-1 (TNFR1) in atherogenesis. Methods and Results-Carotid artery-to-carotid artery interposition grafting was performed with tnfr1 Ϫ/Ϫ and congenic (C57Bl/6) wild-type (WT) mice as graft donors, and congenic chow-fed apolipoprotein E-deficient mice as recipients.
A substantial body of evidence supports a proatherogenic role for the proinflammatory cytokine tumor necrosis factor-␣ (TNF), which exerts its cellular effects by activating the plasma membrane receptors TNF receptor-1 (TNFR1) and TNF receptor-2 (TNFR2). Most cogently, mice deficient in both apolipoprotein E (apoE) and TNF demonstrate early aortic atherosclerosis that is 50% less than that seen in apoe Ϫ/Ϫ controls-an observation that appears largely attributable to leukocyte-produced TNF. 1 Moreover, systemic administration of a soluble TNFR1 reduces aortic atherosclerosis by an amount comparable to that seen with genetic TNF deficiency. 1 In humans, plasma TNF concentrations predict recurrent myocardial infarction, 2 and TNF is an important inducer of hepatic C-reactive protein, 3 a powerful predictor of incident myocardial infarction. 4 Mechanisms by which TNF may contribute to atherogenesis include myriad effects on monocyte/macrophages, as well as the induction of vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) expression by endothelial cells 5 and vascular smooth muscle cells (SMCs), 6 endothelial cell apoptosis, 7 and SMC migration and proliferation. 8 Signaling mechanisms responsible for proatherogenic TNF activity remain to be clarified, however. TNFR1-deficient mice demonstrate Ϸ2-fold more diet-induced aortic sinus atherosclerosis than wild-type (WT) mice-perhaps because of enhanced macrophage scavenger receptor expression and cholesteryl ester accumulation. 9 Furthermore, apoe Ϫ/Ϫ / tnfr1 Ϫ/Ϫ mice develop innominate artery atherosclerosis comparable to that observed in apoe Ϫ/Ϫ controls. 10 Together, these results suggest the possibility that the TNFR1 in macrophages may limit atherogenesis, whereas the TNFR1 in the arterial wall (SMCs and/or endothelial cells) may augment atherogenesis. To test the role of vascular wall TNFR1 in atherosclerosis, we created interposition carotid artery grafts from tnfr1 Ϫ/Ϫ or WT mice in congenic apoe Ϫ/Ϫ mice. long) of WT or tnfr1 Ϫ/Ϫ donor mice were anastomosed end-to-side into the right common carotid artery of recipient apoe Ϫ/Ϫ mice using 11-0 nylon suture (US Surgical). Subsequently, the intervening recipient mouse carotid was ligated and cut. Graft recipient and donor mice were 20Ϯ3 weeks old at the time of operation, and were matched for age and gender. All mice were fed low-fat Purina Rodent Chow 5058, and the graft failure rate (from anastomotic occlusion) was Ͻ2%.
To ensure that carotid interposition grafting did not promote systemic inflammation, we measured serum amyloid A by enzymelinked immunosorbent assay (Biosource International, Inc) and serum TNF by bioassay (see online Methods) at 1 and 4 weeks postoperatively. These inflammatory markers were indistinguishable among operated and unoperated age-matched and gender-matched mice. Serum amyloid A levels were 0.6Ϯ0.3 g/mL, and serum TNF was Ͻ5 pmol/L (nϭ3/group).
At harvest, carotid grafts were flushed, perfusion-fixed, and paraffin-embedded as described previously for vein grafts. 11 GFP and Sudan IV-stained graft specimens were flushed with phosphatebuffered saline and embedded in OCT before sectioning.
Data Analysis
Data are presented as meanϮSD in the text, and ϮSE in the figures. Morphometry, protein expression, and migration data were collected by observers blinded to specimen genotype, and analyzed by 1-way ANOVA with Tukey post-hoc test for multiple comparisons.
Results
To study whether TNFR1 expression in arterial wall cells contributes to atherosclerosis, we transplanted congenic carotid arteries, WT and TNFR1-deficient, into the right com- (1), thickened by atherosclerosis, was harvested 8 weeks postoperatively, along with the aortic arch and contralateral carotid (2) . Cross-sections of carotid grafts are shown (original magnification ϫ220) from specimens harvested 0 (B), 4 (C), 6 (D), and 8 (E) weeks postoperatively, and stained with a modified connective tissue stain. Scale barϭ200 m. F, Carotid grafts harvested 4 or 8 weeks postoperatively were frozen, and serial sections were immunostained for either macrophages (Mac3) or SMC ␣-actin, and counterstained with Hoechst 33342 (DNA). The luminal surfaces are oriented upward in each panel. Images of single specimens are representative of 3 grafts of each postoperative age. Scale barϭ50 m (original magnification ϫ440). G, The 8-week-old carotid grafts were stained for DNA and apoE, the staining pattern for which corresponds to SMC actin and SMC myosin heavy chain (supplemental Figure IIA and data not shown, nϭ3). Scale barϭ100 m. mon carotid artery of congenic apoe Ϫ/Ϫ mice as interposition grafts ( Figure 1 ). These grafts developed atherosclerosis more rapidly than the contralateral native carotid of the apoe Ϫ/Ϫ mouse ( Figure 1A and data not shown), but this accelerated graft atherosclerosis nonetheless demonstrated a sequence of cellular infiltration that typifies native-vessel atherosclerosis. 12 In 4-week-old grafts, type II lesions 13 comprising only intimal macrophages prevailed; SMCs were restricted to the tunica media, and T cells constituted only Ϸ1% to 2% of cells ( Figure 1F and data not shown). In 8-week-old grafts, by contrast, more complex lesions comprised not only intimal macrophage foam cells but also intimal SMC-like cells, fibrous caps, extracellular lipid, necrotic core, and plaque hemorrhage ( Figure 1E Figure 1G and data not shown). Thus, at both 4 and 8 weeks postoperatively, atherosclerosis in the carotid grafts demonstrated many of the characteristic morphological features that obtain in most arteries.
So that we could compare the extent of atherosclerosis between WT and tnfr1 Ϫ/Ϫ grafts, we surveyed atherosclerotic plaque cross-sectional area along the length of the grafts. 
TNFR1 Expressed in Arterial Wall Cells Contributes to Atherosclerosis
WT carotid grafts demonstrated more atherosclerosis than TNFR1-deficient carotid grafts, at both 6 and 8 weeks postoperatively ( Figure 2 ). Eight weeks postoperatively, arterial wall TNFR1 expression was associated with increases in neointimal and medial area of 98% and 68%, respectively, and a 31% increase in vessel diameter (reflecting outward remodeling; Figure 2B ). Moreover, expression of TNFR1 by arterial wall cells not only increased atheroma area (and volume) but also decreased lumen diameter by 41% ( Figure  2B ). Thus, even when restricted to just the cells of the arterial wall, TNFR1 expression contributes to atherosclerosis.
To elucidate mechanisms by which the TNFR1 expressed in arterial wall cells contributes to atherosclerosis, we first assayed the grafts for cell types and cytokines typical of atheromata. Because arterial wall TNFR1 augmented atherosclerosis, we expected that TNF itself should be manifest in the atherosclerotic arterial wall. We tested this expectation in carotid grafts by immunofluorescence (supplemental Figure  IIC) . Whereas native carotid arteries demonstrated no TNF expression, atherosclerotic grafts did. Moreover, the ratio of TNF immunofluorescence to DNA fluorescence in WT and tnfr1 Ϫ/Ϫ grafts was equivalent (not shown). Figure IIA) . The prevalence of these cell types was equivalent in WT and tnfr1 Ϫ/Ϫ grafts, as assessed by the ratio of DNA to SMC actin or Mac3 fluorescence (supplemental Figure IIA ). Staining for CD3 and DNA demonstrated that (relatively rare) T lymphocytes were equivalently prevalent in WT and tnfr1 Ϫ/Ϫ graft atherosclerotic lesions, as well (data not shown). Thus, although atherosclerotic lesions of WT carotid grafts contained a greater number of cells than those of tnfr1 Ϫ/Ϫ grafts, the cell types constituting atheromata in WT and tnfr1 Ϫ/Ϫ grafts were indistinguishable in type and relative abundance.
Abundant macrophages and SMC-like cells could be identified by immunofluorescence in atherosclerotic carotid grafts (supplemental
Because atherosclerotic lesion cells derive from circulating monocyte-lineage cells as well as SMCs that proliferate and migrate in from the tunica media, we assessed whether the prevalence of these 2 cell types-graft-extrinsic and graft- Figure 1 into apoe Ϫ/Ϫ mice, and harvested at the indicated times. A, Cross-sections from the middle of each graft were stained with a modified connective tissue stain. Specimens shown represent Ն3 obtained at each time point. B, Computerized morphometry was performed on 2 sections from the middle of each 8-week-old carotid graft specimen prepared as in (A); meansϮSE of 6 specimens/group are displayed. Average external diameter (ext diameter) was calculated from the perimeter of the external elastic lamina. Scale barϭ100 m (original magnification ϫ220). Compared with WT: *PϽ0.05.
intrinsic-differed between WT and tnfr1 Ϫ/Ϫ carotid grafts. To do so, we used GFP-expressing mice as either graft recipients (apoe Ϫ/Ϫ ) or graft donors (WT or tnfr1 Ϫ/Ϫ ), and tracked the origin of graft atheroma cells by their expression of GFP ( Figure 3 ). Although WT graft atheromata contained quantitatively more cells than TNFR1-deficient grafts, WT and TNFR1-deficient grafts demonstrated equivalent ratios of graft-intrinsic cells to all graft cells, assessed as the ratio of GFP to DNA fluorescence (Figure 3) . Similarly, WT and TNFR1-deficient grafts demonstrated equivalent ratios of graft-extrinsic cells to all graft cells ( Figure 3B ). Thus, TNFR1 expression in arterial wall cells appeared to enhance both graft-intrinsic cell proliferation/migration as well as graft-extrinsic cell recruitment to the atherosclerotic grafts.
Arterial Wall TNFR1 Augments Adhesion Molecule and Chemokine Expression
The equivalence of graft-intrinsic and graft-extrinsic cell prevalence in WT and tnfr1 Ϫ/Ϫ carotid grafts supported the possibilities that TNFR1 signaling in arterial wall cells enhances medial SMC proliferation and monocyte recruitment. To test these possibilities directly, we quantitated expression levels of proliferating cell nuclear antigen, the chemokine MCP-1, and the adhesion molecules ICAM-1 and VCAM-1 in 2-week-old carotid grafts, which have only isolated areas of neointimal inflammatory cells ( Figure 4A and data not shown), as well as in 8-week-old grafts with advanced lesions ( Figure 4B ). TNFR1 expression augmented medial SMC proliferating cell nuclear antigen expression in 2-week-old grafts by 46Ϯ10% (PϽ0.05; Figure 4A )-suggesting that TNFR1 activity promotes SMC proliferation in the context of inflammatory stimuli associated with the preatherosclerotic arterial wall, much as it does in response to TNF in vitro. 8, 15 In the advanced atheroma, however, we found no evidence for TNFR1-promoted cell proliferation ( Figure 4D ), as the high prevalence of graft-extrinsic cells ( Figure 3B ) might predict. In contrast to its time-dependent effect on arterial proliferating cell nuclear antigen expression, TNFR1 activity approximately doubled expression of MCP-1, VCAM-1, and ICAM-1 in both the preatherosclerotic tunica media ( Figure 4A ) and the advanced atheroma ( Figure 4B ). Thus, arterial wall TNFR1 signaling promotes both SMC proliferation and monocyte recruitment in early atherogenesis, and predominantly atheroma cell recruitment in late atherogenesis.
To understand why our carotid grafts developed atherosclerosis more quickly than the contralateral carotid artery, we examined atherosclerosis in apoe Ϫ/Ϫ carotid grafts. Surprisingly, 8-week apoe Ϫ/Ϫ grafts demonstrated minimal atherosclerosis, predominantly at graft anastomoses ( Figure 5 ). The contrast in atherosclerosis between these apoe Ϫ/Ϫ grafts and congenic WT grafts ( Figure 2 ) persisted even when apoe Ϫ/Ϫ and WT mice were re-derived from matings between heterozygous parents. Thus, we reasoned that secretion of apoE by SMCs 16 in the WT and tnfr1 Ϫ/Ϫ grafts may elicit a mild immune response in apoe Ϫ/Ϫ graft recipients, and that this mild immune response accelerated atherosclerosis. To test this hypothesis, we first confirmed that WT and tnfr1 Ϫ/Ϫ (but not apoe Ϫ/Ϫ ) carotids express apoE at equivalent levels ( Figure 5B ). Next, we placed WT grafts in tnfr1 Ϫ/Ϫ hosts to ascertain that mild immune-mediated injury (evoked by a single non-MHC protein) elicits minimal medial expansion and minimal neointimal hyperplasia in 8-week-old carotid grafts, a pattern distinctly different from that obtaining in carotid isografts (which look like unoperated carotids) or our atherosclerotic grafts ( Figure 5C ).
Effects of SMC TNFR1 on Macrophage-Evoked SMC Activity
Macrophage-evoked SMC migration from the arterial media contributes significantly to atherogenesis. 12 To test the role of Figure 2 , except that either donor or recipient mice were transgenic for ubiquitous GFP expression (/GFP). A, Frozen sections of grafts were stained with Hoechst 33342 and imaged sequentially for endogenous GFP fluorescence (green) and DNA fluorescence. Images are representative of Ն4 grafts of each type (original magnification ϫ220); scale barϭ100 m. B, Neointimal green fluorescence in non-GFP specimens (nonspecific) was subtracted from that in GFP specimens (total fluorescence) to obtain specific GFP fluorescence. This value was divided by the cognate value for neointimal DNA fluorescence to obtain GFP/DNA (arbitrary units). These neointimal GFP/DNA values were averaged among grafts of each indicated type, and the meanϮSE of Ն4 independent graft specimens is presented. TNFR1 in this process, we compared the migration of WT and tnfr1 Ϫ/Ϫ SMCs in response to macrophages that were activated by loading with free cholesterol. 17 Whereas TNF promoted SMC migration only in WT SMCs, platelet-derived growth factor promoted SMC migration equivalently in WT and tnfr1 Ϫ/Ϫ SMCs ( Figure 6B ). Expression of TNFR1, however, increased SMC migration toward cocultured activated macrophages by 62% ( Figure 6B; PϽ0.05) . Thus, by enhancing macrophage-promoted SMC migration, the SMC TNFR1 could quite plausibly augment atherogenesis.
In addition to promoting SMC migration, activated macrophages are believed to secrete cytokines capable of inducing SMC scavenger receptor activity, which in turn may engender SMC foam cell formation. 12 To determine whether the SMC TNFR1 affects SMC scavenger receptor activity evoked by macrophages, we subjected WT and tnfr1 Ϫ/Ϫ SMCs to coculture with macrophages, and assayed scavenger receptor activity by cellular uptake of fluorescently labeled acetylated low-density lipoprotein. Stimulated SMC scavenger receptor activity was only Ϸ20% of that observed in macrophages (data not shown). However, as it does in macrophages, 9 TNFR1 activity in SMCs reduced scavenger receptor activity by 50% ( Figure 6C; PϽ0.05) . Thus, unlike the ability of TNFR1 to promote macrophage-evoked SMC migration, the ability of the TNFR1 to reduce SMC foam cell formation would be expected to mitigate, rather than aggravate, atherogenesis.
Effects of Systemic TNFR1 Expression on Aortic Atherosclerosis
The finding that the arterial wall TNFR1 contributes to atherogenesis, in our carotid graft system, contrasts somewhat with the null effect of global TNFR1 deficiency on advanced innominate artery atherosclerosis, seen in studies of aged apoe Ϫ/Ϫ and tnfr1 Ϫ/Ϫ /apoe Ϫ/Ϫ mice. 10 To distinguish between TNFR1 atherogenic effects engendered by the arterial wall (in our carotid grafts) and those engendered by a combination of the arterial wall and the immune system, we compared the extent of atherosclerosis in thoracic aortas from 60-week-old female apoe Ϫ/Ϫ and tnfr1 Ϫ/Ϫ /apoe Ϫ/Ϫ mice. Atherosclerosis in the thoracic aorta is most reproducible among apoe Ϫ/Ϫ mice, 18 but progresses differently from that in the innominate artery, 14 and not uncommonly yields comparative data distinct from those obtained from cross sections of the innominate artery. 19 Serum cholesterol values were indistinguishable between apoe Ϫ/Ϫ and tnfr1 Ϫ/Ϫ /apoe Ϫ/Ϫ mice (490Ϯ90 and 490Ϯ100 mg/dL, respectively). However, by en face analysis, the extent of thoracic aorta atherosclerosis was 12% less in TNFR1-deficient mice (43Ϯ1% versus 38Ϯ1% of thoracic aortic area; PϽ0.05; supplemental Figure  III) . Thus, evaluated in the context of whole-body expression, TNFR1 does contribute to advanced aortic atherosclerosis, but to an extent that appears less substantial than that observed in the context of rapidly developing atherosclerosis in our carotid grafts, in which TNFR1 expression is limited to the arterial wall. That thoracic aortas and carotid grafts yielded different magnitudes for TNFR1-dependent atherosclerosis may be attributed, in part, to cell compartmentspecific TNFR1 expression (in the arterial wall versus leukocytes), and/or to fundamental differences in analytic approaches applied to these atherosclerotic vessels (lesion surface area versus lesion cross sectional area).
Discussion
With a novel arterial grafting model, this study provides the first evidence that TNFR1 expression, in just the arterial wall, contributes substantially to both early-stage and late-stage atherosclerosis. Mechanistically, TNFR1 expression in arterial wall cells enhanced adhesion molecule and chemokine expression as well as SMC proliferation, even before atherosclerotic neointimal hyperplasia supervened. Although it had no effect on the prevalence of atheroma cellular constituents, expression of TNFR1 in arterial wall cells clearly augmented the overall abundance of atheroma cells and enhanced SMC migration evoked by activated macrophages.
Although upregulation of cellular adhesion molecules and chemokines is known to be mediated through TNFR1 in response to TNF, 20 we have now found that TNFR1 is a critical mediator for upregulation of cellular adhesion molecules and chemokines-even in the context of the myriad cytokines involved in atherosclerosis. Interestingly, this finding mirrors our earlier observations with TNFR1 in vein graft arterialization, 13 an inflammatory process that does not involve hyperlipidemia. By demonstrating marked protein expression upregulation of MCP-1, ICAM-1, and VCAM-1 in carotid grafts from WT, as compared with tnfr1 Ϫ/Ϫ mice, our work significantly extends that of Ohta et al, 21 who found upregulation of mRNA encoding these molecules in aortas from 12-week-old apoe Ϫ/Ϫ , as compared with apoe Ϫ/Ϫ /tnf Ϫ/Ϫ mice. MCP-1, ICAM-1, and VCAM-1 each make significant independent contributions to atherogenesis. 22, 23 Because expression of these proteins depends on the transcription factor NF-B, and because innumerable cytokines/growth factors trigger NF-B activation, 24 it is quite remarkable that the preponderance of arterial cell ICAM-1, VCAM-1, and MCP-1 expression appears to require TNFR1 expression. The ability to target all 3 of these proatherogenic proteins through the TNFR1 pathway, or even through currently available anti-TNF therapies, 1 signals novel therapeutic possibilities for atherosclerosis.
The strongly proatherogenic role for TNFR1 delineated by our studies may appear, at first, to differ from that found by Blessing et al, 10 who studied advanced brachiocephalic artery atherosclerosis in 64-week-old apoe Ϫ/Ϫ and apoe Ϫ/Ϫ /tnfr1 Ϫ/Ϫ mice and found no effect of systemic TNFR1 expression. However, a harmonious picture of the role of TNFR1 in atherosclerosis may be wrought by consideration of studyspecific experimental approaches. Both our carotid graft and the brachiocephalic atherosclerotic lesions produce substantial luminal narrowing, outward remodeling ( Figure 2B ), plaque hemorrhage ( Figure 1E ), and variable fibrous cap formation (Figures 1 and 2; supplemental Figure II ). 14 It may be quite significant, however, that our carotid graft system focused exclusively on arterial wall TNFR1 expression, whereas the brachiocephalic system tested TNFR1 expression in both the arterial wall and leukocyte compartments. Moreover, whereas the carotid graft lesions develop over only 8 weeks, the brachiocephalic lesions develop over 64 weeks. Thus, not only the advanced degree but also the chronicity of the atherosclerosis in the brachiocephalic system may obscure the role of TNFR1 in atherogenesis, as Blessing et al suggest. 10 It is conceivable that TNFR1, particularly in the arterial wall cells, affects early phases, or rapidly developing, more than later phases of plaque growth. This concept may also help to explain why our aortic analyses in aged apoe Ϫ/Ϫ /tnfr1 Ϫ/Ϫ mice showed what appeared to be a smaller proatherogenic contribution of TNFR1 than our carotid graft analyses.
Three independent studies of TNF-deficient atherogenic mice have demonstrated that TNF promotes atherosclerosis. 1, 21, 25 The largest effects of TNF in these studies were observed, however, in en face aortic analyses of early-stage atherosclerosis-an observation that supports a more substan-tial role for TNFR1 in early-stage, rather than late-stage, atherosclerosis. It should be noted, too, that these studies of tnf Ϫ/Ϫ mice may be confounded by their derivation from embryonic stem cells genetically distinct from C57Bl/6. Because MHC genes are tightly linked to the tnf gene on mouse chromosome 17, it is likely that some embryonic stem cell-derived MHC genes persist in the tnf Ϫ/Ϫ mouse. 26 In light of these genetic considerations, the ability of soluble TNFR1 therapy to reduce early atherosclerosis in apoe Ϫ/Ϫ mice 1 provides necessary corroboration for the proatherogenic role of TNF. Our study also substantiates a proatherogenic role for TNF and, furthermore, demonstrates the importance of the arterial wall cell TNFR1 as a proatherogenic target of TNF, the atherogenic source of which appears to be from bone marrow-derived cells. 1
Study Limitations
Although our studies have not confirmed this possibility, it appears that atherosclerosis in our carotid grafts is accelerated by a mild immune reaction elicited by apoE secreted by graft SMCs (Figure 5 ). Additional evidence consistent with this concept derives from early graft lesions, in which neointimal macrophages are distributed somewhat more diffusely than one might expect from atherogenesis promoted by turbulent flow alone ( Figure 1C, 1D ). 13 Does this putative alloimmune acceleration of atherogenesis compromise our ability to generalize our results to those we might expect in nativeartery atherosclerosis? While extrapolating from any model system to native atherosclerosis requires caution, at least 3 aspects of our data make such extrapolation plausible. Our carotid graft atherosclerosis closely resembles native artery and macrophages is demonstrated by SDS-PAGE/immunoblots (IB), with 30 g of membrane protein from each cell type. Parallel blots were probed serially with TNFR1-specific or nonimmune IgG (IgG), and then anti-actin IgG. Shown are results from a single experiment, representative of Ն4 performed. B, Migration of aortic SMCs from congenic WT and tnfr1 Ϫ/Ϫ (KO) mice was assessed in response to murine TNF, human PDGF-BB (each 10 ng/mL), or cholesterol-loaded murine macrophages as described in Methods. Within each experiment (nϭ4), the number of SMCs migrated was normalized to the number of WT SMCs that migrated in response to PDGF (17Ϯ5 fold/basal), to obtain % of control. Basal migration values for WT and tnfr1 Ϫ/Ϫ SMCs were (OD 562 ) 0.06Ϯ0.03 and 0.06Ϯ0.04, respectively. Compared with WT: *PϽ0.05 (repeated measures ANOVA). For a list of cytokines secreted by these macrophages, please see http://atvb.ahajournals.org. C, WT and tnfr1 Ϫ/Ϫ SMCs cultured in the absence (none) or presence of activated murine macrophages were incubated with fluorescently labeled acetylated low-density lipoprotein, and subjected to flow cytometry. Specific uptake of fluorescently labeled acetylated low-density lipoprotein is plotted (total Ϫ nonspecific) as the meansϮSE of 4 experiments performed in duplicate. Relative to WT SMCs: *PϽ0.05. atherosclerosis by overall morphology and cell composition (including its relative paucity of T cells), and with regard to the sequence with which cell types infiltrate the growing atheroma. Moreover, the relative contribution of medial SMCs to the advanced atheroma in our grafts also mirrors that believed to obtain in native atherosclerosis. 12 By triggering and accelerating graft atherosclerosis, extracellular apoE in our carotid grafts may serve a function similar to that intended for perivascular collars 27 and endothelial denudation, 28 2 techniques commonly used to accelerate carotid artery atherosclerosis.
The importance of arterial wall cell gene expression to atherogenesis has been supported largely by histological observation and a limited number of inhibitor and cell type-specific knockout studies. 29 The carotid graft system presented here adds another novel approach to the study of atherogenesis mediated not just by one cell type but by all cell types constituting the arterial wall.
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